The gram-positive bacterial pathogen Listeria monocytogenes has evolved mechanisms to rapidly replicate in the host cytosol, implying efficient utilization of host-derived nutrients. However, the contribution of host nutrient scavenging versus that of bacterial biosynthesis toward rapid intracellular growth remains unclear. Nutrients that contribute to growth of L. monocytogenes include branched-chain fatty acids (BCFAs), amino acids, and other metabolic intermediates generated from acyl-coenzyme A, which is synthesized using lipoylated metabolic enzyme complexes. To characterize which biosynthetic pathways support replication of L. monocytogenes inside the host cytosol, we impaired lipoate-dependent metabolism by disrupting two lipoate ligase genes that are responsible for bacterial protein lipoylation. Interrupting lipoate-dependent metabolism modestly impaired replication in rich broth medium but strongly inhibited growth in defined medium and host cells and impaired the generation of BCFAs. Addition of short BCFAs and amino acids restored growth of the A1A2-deficient (A1A2 ؊ ) mutant in minimal medium, implying that lipoate-dependent metabolism generates amino acids and BCFAs. BCFAs alone rescued intracellular growth and spread in L2 fibroblasts of the A1A2 ؊ mutant. Lipoate-dependent metabolism was also required in vivo, as a wild-type strain robustly outcompeted the lipoylation-deficient mutant in a murine model of listeriosis. The results of this study suggest that lipoate-dependent metabolism contributes to both amino acid and BCFA biosynthesis and that BCFA biosynthesis is preferentially required for intracellular growth of L. monocytogenes.
The gram-positive food-borne pathogen Listeria monocytogenes replicates in diverse settings, ranging from soil to the intracellular environment of mammalian host cells (41, 43, 44) . The ability of L. monocytogenes to thrive in soil and food indicates that the bacterium has the capacity to adapt to different nutritional environments. When carbon source availability changes, L. monocytogenes alters the activity of PrfA, the global virulence regulator (11, 18, 29) . While the nutritional milieu surrounding L. monocytogenes affects virulence gene expression by altering PrfA function, deletion of prfA also appears to decrease the metabolite pool of branched-chain amino acids (BCAAs) (8, 23, 42) . It is not fully understood why PrfA, a regulator that enables virulence, would influence biosynthesis. Genes involved in aromatic amino acid biosynthesis are important for L. monocytogenes virulence, but it is of interest that some single-amino-acid auxotrophs are not attenuated for growth in the cytosol, implying that the bacterium acquires host-derived amino acids to support intracellular growth (26, 40) . Recent studies tracking carbon flux during intracellular growth of L. monocytogenes demonstrated that Ͼ50% of bacterial amino acids were provided by the host, despite the capability of the bacterium to synthesize many of those amino acids (9) . Thus, the presence of biosynthetic pathways in bacterial genomes may not be a clear indicator of the requirement for these pathways during growth inside a host organism, and other approaches must be used to determine which metabolic precursors are synthesized by the bacterium during intracellular infection and which are scavenged from the host environment.
Strategies for increasing biosynthesis or obtaining key nutrients from the host are essential aspects of pathogenesis (4) . Intracellular pathogens such as Salmonella enterica serovar Typhimurium and Mycobacterium tuberculosis can adapt to the mammalian host environment by differentially regulating nutrient transporters and metabolic biosynthesis pathways (14, 36) . L. monocytogenes may share these adaptive strategies when transitioning from the extracellular environment to the host cytosol, as it upregulates genes that enable the biosynthesis of BCAAs, as well as genes encoding glycerol-3-phosphate dehydrogenase and enzymes of the pentose phosphate pathway (6, 8, 19) . L. monocytogenes also exploits the cytosolic nutrient environment by expressing a hexose phosphate transporter and induces sugar transporter gene expression when replication is shifted from the vacuole to the cytosol (6, 7, 18) . Thus, L. monocytogenes can respond to nutritional changes by synthesizing or transporting metabolic intermediates to support virulence.
One nutrient that L. monocytogenes cannot synthesize is lipoate, an essential cofactor for metabolic enzyme complexes such as pyruvate dehydrogenase (PDH) and branched-chain keto-acid dehydrogenase (BCKD) (35) . We previously demonstrated that during growth under nutrient-limiting conditions, L. monocytogenes requires the lipoate ligase LplA1 for utilization of physiological concentrations of host-derived li-poyl peptides (22) . Despite the presence of another functional lipoate ligase, LplA2, LplA1 is essential for bacterial pathogenesis of L. monocytogenes (22) . It is not yet fully understood why lipoate-dependent metabolism is important for bacterial virulence. Studies of microbial physiology by the use of model organisms such as the gram-negative bacterium Escherichia coli and the gram-positive bacterium Bacillus subtilis have demonstrated that lipoylated PDH generates acetyl-coenzyme A (acetyl-CoA) from pyruvate, while lipoylated BCKD makes branched acyl-CoAs from BCAA catabolism (20) . In contrast to the results seen with E. coli, generation of tricarboxylic acids in L. monocytogenes is noncyclical and is unlikely to generate energy in the form of ATP, as it is missing ␣-ketoglutarate dehydrogenase activity (8) . Thus, the main function of the lipoylated metabolic enzyme complexes of Listeria bacteria may be to enable biosynthesis of amino acids and branchedchain fatty acids (BCFAs), key components of the bacterial membrane of L. monocytogenes (47) . BCFAs enhance survival of L. monocytogenes under conditions of adverse pH and cold stress, although it is unknown what role they play during pathogenesis (12, 47) . While recent studies demonstrated that the majority of amino acids that L. monocytogenes utilizes during intracellular growth are derived from the host, the bioavailability of other key metabolites, such as BCFAs, has not been determined (9) .
Neither PDH nor BCKD is predicted to be functional in the absence of lipoate, and mutations that render E. coli unable to ligate lipoate or lipoate precursors to metabolic enzymes are lethal in the absence of nutritional supplements that allow the organism to bypass the requirement for the tricarboxylic acid cycle (30) . To assess the overall requirement for lipoate-dependent metabolism in biosynthesis and intracellular growth, we measured the ability of an L. monocytogenes mutant deficient in lipoylation of the bacterial target proteins represented by lplA1::Tn917⌬lplA2 (A1A2 deficient [A1A2 Ϫ ]) to replicate in vitro and in vivo. In contrast to the previously characterized ⌬lplA1 mutant, which exhibits lipoylation of bacterial proteins when L. monocytogenes is in the extracellular environment, the A1A2 Ϫ mutant did not detectably lipoylate any bacterial target proteins. In this report, we demonstrate that lipoate-dependent metabolism in L. monocytogenes controls amino acid and anteiso-BCFA biosynthesis. Lipoate-dependent metabolism was not essential for L. monocytogenes growth in rich medium but was required for optimal cytosolic replication and growth under nutrient-limiting conditions. Growth of the A1A2 Ϫ mutant in defined medium could be rescued by enrichment with amino acids and BCFA precursors, but only the BCFA precursors stimulated intracellular growth. These data indicate that intracellular growth of L. monocytogenes requires bacterial biosynthesis of BCFAs and suggest that the presence of BCFAs may be growth limiting in the cytosolic environment.
MATERIALS AND METHODS
Bacterial strains and growth. Strains used in this study are described in Table  1 . Prior to infection of cells in tissue culture, L. monocytogenes was grown overnight in brain heart infusion (BHI; Difco) medium at 37°C. For extracellular growth curves, bacteria were grown in either BHI medium or improved minimal medium (IMM) in a Bioscreen growth curve analyzer (Growth Curves). IMM was prepared as previously described except that, where indicated, filter-sterilized supplements were added (33) .
Protein analysis. Bacteria were prepared and analyzed by immunoblotting with an anti-lipoic acid antibody (Calbiochem) as previously described (31) , except that washed exponential-phase cultures (at an optical density at 600 nanometers [OD 600 ] of 0.5) or stationary-phase cultures (OD 600 of 1.2) were used after growth in BHI medium at 37°C. Bacteria were pelleted and then lysed with FastProtein Blue lysing matrix (MP Biomedicals) by processing in a FastPrep machine for 40 s at an intensity setting of 6.0.
Lactate, fatty acid analysis, and amino acid analysis. Lactate was quantified using a lactate assay kit (BioVision; catalog no. K607-100), which was quantified by a colorimetric change at 570 nm. The amount of lactate in the supernatant was quantified by comparison with a standard curve. For fatty acid analysis, bacterial pellets were examined by gas chromatographic analysis of cellular fatty acid methyl esters by use of a Sherlock microbial identification system (Microbial ID). Bacterial pellets were lysed using an MP Fast Protein Blue matrix and a Bio101 FastPrep machine (40 s; setting, 6.0). One milligram of bacterial protein was submitted for amino acid analysis to the Molecular Structure Facility of the University of California at Davis, where lysate was hydrolyzed with 6N HCl for 24 h at 110°C and dissolved in a sodium citrate buffer containing 40 nmol of norleucine/ml, and 50.0 l was injected into an L-8800 Hitachi analyzer. Subsequent peaks and amino acid concentrations were identified using Beckman System Gold software.
Acetoin quantification. Acetoin concentrations in selected culture samples were determined using a previously validated derivatization method (38) . A total of 200 l of reagent-grade acetonitrile (ACN) and 50 l of a 2,4-dinitrophenylhydrazine (DNPH) stock solution in acidified methanol (0.5% [wt/vol] DNPH, 4% [vol/vol] H 2 SO 4 ) was added to 200 l of filtered culture supernatant in 2-ml plastic microcentrifuge tubes. Samples were then vortexed briefly and allowed to react for 6 min at room temperature in the dark. An Agilent 1100 series highpressure liquid chromatograph (HPLC) equipped with a UV diode array detector set to 345 nm and a Phenomenex C 18 (reverse-phase) column (250 mm by 2.0 mm; 5-m particle size) was used to detect the acetoin-DNP derivatization product, by the use of injection volumes of 50 l. The mobile phase was a mixture of ACN and distilled deionized water (DDI) pumped at 0.6 ml/min according to the following gradient: 0 to 13 min, 0:100 to 75:25 ACN:DDI; 13 to 17 min, 75:25 to 65:35 ACN:DDI; 17 to 17.5 min, 65:35 to 0:100 ACN:DDI; and 17.5 to 21 min, 0:100 ACN:DDI. Under these conditions, acetoin-DNP exhibited a characteristic retention time (t R ) of 10.8 min. Peak identity was confirmed via derivatization and HPLC separation of acetoin standards prepared in fresh BHI media. Similarly, derivatized acetoin standards in BHI were used to generate a calibration curve for acetoin concentrations as a function of acetoin-DNP peak areas at t R ϭ 10.8 min over a range of 0 to 5 mM acetoin.
BMDM isolation. Primary bone marrow-derived macrophages (BMDMs) were isolated from 6-to 8-week-old C57BL/6 female mice (Jackson Laboratory) and cultured as described previously (34) .
Bacterial infections. Mammalian cells were infected as previously described (31 Ϫ1 for the duration of the experiment. These conditions resulted in ϳ10% host cell infection at 1 h. Infected host cells were lysed in 5 ml of sterile water and plated on Luria-Bertani (LB) agar, where CFUs were counted after 72 h of incubation at 37°C to permit growth of the AlA2 Ϫ mutant. BMDMs per six-well plate were grown on coverslips and infected as described above. At 2 h postinfection, coverslips were removed and fixed in 3.7% paraformaldehyde in D-PBS. After being washed three times with 0.1% Tween 20 in D-PBS and blocked for 10 min with TBS-T (25 mM Tris HCl, 150 mM NaCl, 0.1% Tween 20, 1% bovine serum albumin), anti-L. monocytogenes antibody (Difco) was added to the coverslips for 1 h and washed, and then secondary antibody was added for 30 min with rhodamine phalloidin. Intracellular bacteria were scored for the presence or absence of actin clouds. A minimum of 50 macrophages and a total of at least 150 bacteria were randomly scored per experimental replicate.
L2 plaque assays. Plaque assays were performed as previously described (31) . In L2 plaque assays, BCFA precursors and soy protein hydrolysate supplements were added to 3 ml of top agar per well after an initial 1-h infection and developed for 5 days prior to addition of Neutral Red stain to visualize necrotic foci. Plaque diameters were measured (n ϭ 20) and expressed as percentages of the mean diameters of WT plaques by the use of Canvas software (Deneba).
Mouse infections. Competitive index (CI) infections were performed as previously described (2) . Exponential-phase bacterial cultures were diluted in Ca 2ϩ -and Mg 2ϩ -free D-PBS, and 5 ϫ 10 5 WT bacteria and 5 ϫ 10 7 AlA2 Ϫ mutant bacteria in 200 l were injected intraperitoneally into 4-to 6-week-old C57BL/6 J mice (Jackson Laboratories). At 24 h and 72 h postinfection, the animals were sacrificed, and livers and spleens were homogenized in 0.1% NP-40 containing 0.1 g of erythromycin (Erm) ml Ϫ1 , serially diluted, and plated on drug-free LB agar or LB agar containing 1 g of Erm ml
Ϫ1 . 
RESULTS

L. monocytogenes growth in the absence of lipoate ligases in rich medium.
To determine the role of lipoate-dependent metabolism in L. monocytogenes extracellular growth, we characterized a previously constructed bacterial mutant deficient in both LplA1 and LplA2 (lplA1::Tn917⌬lplA2, designated A1A2 Ϫ ) and lacking all detectable bacterial lipoylation (22) . In the absence of these two ligases, we were unable to detect lipoylated bacterial target proteins, as observed by immunoblot analysis with an antibody against lipoic acid ( Fig. 1A) (22) . The 75-kDa lipoylated protein species in the WT was previously identified as the E2 subunit of PDH, and the migration of the 50-kDa protein species is consistent with the predicted size for the lipoylated E2 subunit of BCKD (31) . L. monocytogenes encodes a functional BCKD, as when the genes encoding subunits of BCKD are disrupted, BCFA biosynthesis is perturbed (47) . Thus, the two dominant lipoylated bands present in WT L. monocytogenes, but absent in the A1A2 Ϫ mutant, likely correspond to bacterial PDH and BCKD. We therefore conclude that the lipoate ligases LplA1 and LplA2 are responsible for all detectable protein lipoylation in L. monocytogenes (22) . Notably, PDH represented 22% of total lipoylated proteins in IMM-grown cultures, while PDH represented 61% of total lipoylated proteins after growth in the rich (BHI) medium. Conversely, BCKD represented 78% of total lipoylated proteins in IMM-grown cultures, while it represented only 39% of total lipoylated proteins in BHI-grown cultures. These data suggest that the growth environment of L. monocytogenes influences the levels of lipoylated BCKD and PDH, with a limiting nutrient environment resulting in increased levels of lipoylated BCKD compared to PDH.
Without lipoylation, neither PDH nor BCKD can function to generate biosynthetic intermediates (32) . We considered the possibility that complete loss of lipoylation would result in a substantial replication defect. Analysis of bacterial growth in BHI medium showed that the doubling times of the WT and the AlA2 Ϫ mutant during exponential growth were similar (63 to 66 min), although the AlA2 Ϫ mutant entered stationary phase earlier than the WT strain (Fig. 1B) . This trend was confirmed by measuring the number of CFUs (data not shown). We had previously demonstrated that the replication defect of an L. monocytogenes LplA1-deficient strain could be complemented by a plasmid containing the lplA1 gene; this plasmid was used to transform the A1A2 Ϫ mutant and the WT and ⌬lplA1 control strains (22, 31) . However, the A1A2 Ϫ mutant was not conducive to transformation; thus, complementation was not achieved (data not shown). Taken together, these data demonstrate that L. monocytogenes is able to grow in rich medium even in the absence of lipoyl ligase function. 
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Metabolic alterations in the absence of lipoylation. In the absence of lipoylated PDH, pyruvate generated from glycolysis would likely be converted into alternate metabolites such as lactate and acetoin through the lactate dehydrogenase and the 2-3-butanediol pathways (Fig. 2) . To test whether we were altering known lipoate-dependent metabolic pathways, we grew the WT and the AlA2 Ϫ mutant in BHI medium and quantified the lactate, acetoin, and fatty acid content (Fig. 2) . While lactate levels were relatively similar, the amount of secreted acetoin was fourfold higher in the AlA2 Ϫ mutant compared to WT results ( Fig. 2B and C ; also see Fig. S1 in the supplemental material). Quantification of total amino acid content showed an 8% drop in the levels of glutamate and glutamine in the AlA2 Ϫ mutant, but there were no other striking differences in total amino acid levels between the WT and the A1A2 Ϫ mutant (Table 2) . These results were not surprising, as L. monocytogenes can scavenge amino acids from its growth environment and BHI medium is rich in amino acids (26) . In contrast to the amino acid results, we expected the fatty acid content to be altered when lipoylation of BCKD was disrupted, as BCKD-deficient mutants have a decreased capacity to generate odd-numbered-carbon-length BCFAs with the methyl branch in the anteiso orientation (47) . To measure fatty acid composition, we performed fatty acid analysis of bacteria grown in BHI medium to the stationary phase ( Fig. 2D ; also see Fig. S2 in the supplemental material). Straight-chain fatty acids predominated in the AlA2 Ϫ mutant, while BCFAs were the predominant fatty acid species in the WT, demonstrating that lipoylation is essential for L. monocytogenes BCFA biosynthesis even in rich medium. The differences in total fatty acid composition between the WT and the A1A2 Ϫ mutant were also reflected in the membrane fatty acid composition (see Fig. S3 in the supplemental material) . We therefore conclude that despite the ability of L. monocytogenes to grow in BHI medium without lipoylation, fundamental metabolic pathways that generate acetoin and BCFAs were altered in the absence of lipoate ligase activity.
L. monocytogenes pathogenesis requires lipoate-dependent metabolism. To determine the absolute requirement for lipoate-dependent metabolism in virulence, we tested the ability of the AlA2 Ϫ mutant to grow in a murine model of L. monocytogenes infection. Erm s WT L. monocytogenes was mixed with the Erm r AlA2 Ϫ mutant and coinjected into female 6-to 8-week-old C57BL/6 mice. After 24 h, livers and spleens were harvested, and CFUs were enumerated. The CI of infection was calculated by dividing the number of recovered WT a The inoculum was grown in BHI medium or IMM containing 6% (wt/vol) soy protein hydrolysate (SP) with or without 5 mM 2-methyl butyrate (2-MB).
b Individual amino acid percentages were calculated after quantification of total amino acid content in 1 mg of bacterial protein lysate by amino acid analysis.
c Glx represents both glutamine and glutamate. Ϫ mutant grown in BHI medium (n ϭ 2) were analyzed by gas chromatographic analysis of cellular fatty acid methyl esters by use of a Sherlock microbial identification system (Microbial ID), and the ratios of short-chain fatty acids (SCFA) to BCFAs are shown.
bacteria by the number of AlA2 Ϫ mutant bacteria. We previously demonstrated that the CIs for the ⌬lplA1 mutant are 31.6 and 603.0 for the liver and spleen of C57BL/6 mice, respectively, indicating that the WT significantly outcompetes a partial-lipoylation mutant in vivo (22) . After 24 h, the WT outcompeted the AlA2 Ϫ mutant by 9,872-and 23,391-fold in the liver and spleen of C57BL/6 mice; for some animals, no AlA2 Ϫ mutant bacteria were recovered (Fig. 3) . Therefore, L. monocytogenes deficient in lipoyl ligase function is substantially less fit in a murine model of infection than bacteria with a partial lipoylation defect or WT bacteria.
Replication of L. monocytogenes in phagocytic cells requires lipoate-dependent metabolism. To determine where in the L. monocytogenes intracellular life cycle lipoate-dependent metabolism was required, we measured escape and proliferation of the AlA2 Ϫ mutant in phagocytes. We infected macrophages with the WT or the AlA2 Ϫ mutant and quantified the colocalization of L. monocytogenes with polymerized host actin, as colocalization occurs only in the cytosol (37) . The AlA2 Ϫ mutant was able to escape from the vacuole into the cytosol, albeit with lower efficiency than the WT, as it colocalized with host actin at 2 h postinfection in BMDMs (Fig. 4A) . However, the AlA2 Ϫ mutant did not replicate in the nutrient-limiting environment of the J774 or BMDM cytosol in the course of an 8-h infection ( Fig. 4B and C) . When we examined the ability of the AlA2 Ϫ mutant to survive and grow in the RAW264.7 peritoneal macrophage cell line, the AlA2
Ϫ mutant was more susceptible to killing, demonstrating that lipoate-dependent metabolism may be important for survival as well as for intracellular growth (Fig. 4D) . These data indicate that lipoate-dependent metabolism is vital for replication of L. monocytogenes inside macrophages. Ϫ CFUs were detected. The values from mice for which CFUs could not be detected were not used when CI values were calculated. Statistically significant differences between two groups were determined by Student's t test (P Ͻ 0.05, as indicated by the asterisks). 
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Growth and spread of lipoate-dependent metabolism mutants in L2 cells. As different cell types may provide distinct nutrient environments for L. monocytogenes, we also measured bacterial growth in nonphagocytic cells. Murine L2 fibroblasts were infected with the WT or the AlA2 Ϫ mutant and were incubated for several days to allow necrotic foci to form. We visualized plaques by Neutral Red staining and measured plaque diameter as an indicator of bacterial replication and cell-cell spread. Notably, the AlA2 Ϫ mutant was able to form plaques, although the plaques were substantially reduced in size compared with the WT results and formed only around the edge of the well, where the agar overlay was thickest (Fig. 5A) . When the thickness of the overlay was decreased, the A1A2 Ϫ mutant was unable to form plaques (data not shown), possibly due to exposure to environmental oxygen, as lipoate and lipoylated enzymes can contribute to resistance to oxidative stress (3, 5, 39) . We also examined the intracellular growth of the WT alone, the AlA2 Ϫ mutant, and a vacuole-restricted listeriolysin-deficient (LLO Ϫ ) mutant in L2 cells by enumerating CFUs over both a short and a long period of infection ( Fig. 5B and  C) . After an initial lag, the AlA2 Ϫ mutant could replicate in L2 cells, although its optimal doubling time of 4 h never approached the optimal doubling time of the WT at 57 min ( Fig.  5B and C) . The ability of the L. monocytogenes lipoylation mutant to grow in L2 cells suggests that the intracellular environment of some cell types may provide nutrients that bypass the requirement for lipoate-dependent metabolism.
Excess environmental amino and fatty acids bypass the requirement for lipoate-dependent metabolism. Critical nutrients for bacterial replication may be sequestered or absent in the host cytosol (4). To determine whether growth of L. monocytogenes requires lipoate-dependent metabolism to generate critical growth intermediates when the bacterium is in a nutrient-limiting environment, we grew the A1A2 Ϫ mutant and the WT in IMM, a defined medium developed for the growth of WT L. monocytogenes (Fig. 6A) (33) . While WT L. monocytogenes efficiently replicated in IMM, the AlA2 Ϫ mutant did not, indicating that lipoate-dependent metabolism was necessary for bacterial growth under conditions of nutrient limitation. As the AlA2
Ϫ mutant could grow in BHI medium but not in IMM, we hypothesized that one important function of lipoate-dependent metabolism is biosynthesis of key metabolites, which would be more critical in nutrient-poor environments. We therefore reasoned that we could identify which biosynthetic pathways might be supported by lipoate-dependent metabolism by taking a nutrient supplementation approach. WT or AlA2
Ϫ mutant bacteria were inoculated into IMM supplemented with additional amino acids and fatty acids, and bacterial growth was measured over time. When amino acids were added to IMM in the form of soy protein hydrolysate, the AlA2 Ϫ mutant exhibited a dramatic increase in growth (Fig.  6B) . The presence of soy protein hydrolysate somewhat enhanced the growth of WT bacteria as well. When an alternate source of amino acids, vitamin-free casein hydrolysate, was used to supplement IMM, it also supported an increase in the growth of the AlA2 Ϫ mutant similar to that observed with soy protein hydrolysate (data not shown). When amino acids were added individually, growth did not occur, implying that lipoatedependent metabolism controls multiple pathways of amino acid biosynthesis. As the BCFA profile was altered in the AlA2 Ϫ mutant after growth in BHI medium, we also added the BCFA precursors 2-methylbutyrate, isovalerate, and isobutyrate. Addition of BCFA precursors alone to IMM did not enable growth of the AlA2 Ϫ mutant in the absence of soy protein hydrolysate. When isovalerate, a precursor for evennumbered-carbon-length iso-BCFAs, was added with soy protein hydrolysate, replication of the AlA2 Ϫ mutant was not affected (Fig. 6B) . However, addition of 2-methylbutyrate and isobutyrate, precursors for odd-numbered-carbon-chain-length BCFAs, did partially enhance replication of the AlA2 Ϫ mutant while not affecting growth of WT (Fig. 6B) . Of the two oddnumbered-carbon-chain-length BCFA precursors, 2-methylbutyrate, a precursor for anteiso-BCFAs, supported replication of the AlA2 Ϫ mutant better than isobutyrate, an iso-BCFA precursor (Fig. 6B) . These data suggest that under non-nutrient-limiting conditions such as the use of BHI medium, L. monocytogenes uses lipoate-dependent metabolism for production of BCFAs. However, when the growth environment becomes limiting with respect to amino acid and BCFA precur- sors in the manner seen with IMM medium, lipoate-dependent metabolism becomes essential for growth.
As the WT was able to generate substantially more BCFAs than the A1A2 Ϫ mutant after growth in BHI medium (Fig. 2D ) and as BCAAs can be precursors for BCFAs, we sought to determine whether addition of amino acid sources and short BCFA precursors would enhance the ability of the A1A2 Ϫ mutant to generate BCFAs. Without supplementation, over 80% of the total fatty acids in the WT were anteiso-BCFAs, whereas addition of soy protein hydrolysate and 2-methylbutyrate increased WT anteiso-BCFA content to only 90% of the total fatty acid content (Fig. 6C and Table 3 ). In contrast, addition of soy protein hydrolysate to BHI medium substantially altered the BCFA profile of the A1A2 Ϫ mutant to nearly the levels found with the WT, increasing the odd-numberedcarbon-length anteiso-BCFAs from 5% to 75% of the total fatty acid content (Fig. 6C, Table 3 ). Supplementation with 2-methylbutyrate in addition to amino acids increased the oddnumbered-carbon-length anteiso-BCFAs from 75% to 95% of total fatty acid content in the AlA2 Ϫ mutant, while the percentage remained constant at 90% in the WT (Table 3 ). The total amino acid content of the AlA2 Ϫ mutant after supplementation with soy protein and 2-methylbutyrate remained largely unaltered from the amino acid content of the WT, with the exception of the level of glutamine and glutamate, which was increased from 13% to 24% of the total recovered amino acids in the A1A2 Ϫ mutant (Table 2) . Together, soy protein hydrolysate and 2-methylbutyrate restored the growth of the AlA2 Ϫ mutant to nearly WT levels (Fig. 6B) , while soy protein hydrolysate supplementation alone restored the BCFA profile to nearly WT levels (Fig. 6C ) but only partially restored growth. These data indicate that the requirement for lipoatedependent metabolism-mediated biosynthesis during L. monocytogenes replication in nutrient-restricted medium can be bypassed by supplementation with amino acids, which not only provide building blocks for protein synthesis but also provide primers for anteiso-BCFA synthesis.
BCFA precursor supplementation restores intracellular growth and spread of the L. monocytogenes A1A2 ؊ mutant. L. monocytogenes scavenges 50% to 100% of its amino acids from the host environment, but scavenging of BCFA precursors from the cytosol has not been investigated (9, 26) . Biosynthesis of BCFA in L. monocytogenes is largely dependent upon the presence of BCKD, which requires lipoylation for activity (Fig.   FIG. 6 . L. monocytogenes growth in the absence of excess environmental amino and fatty acids requires lipoate-dependent metabolism. (A) Individual colonies picked from fresh BHI plates containing the WT and the AlA2 Ϫ mutant were inoculated into IMM, and the OD 600 was recorded over time at 37°C using a Bioscreen growth curve analyzer. (B) Bacteria were grown as described for panel A to the stationary phase with or without (Ϫ) additional supplementation with 6% (wt/vol) soy protein hydrolysate (SP), 5 mM 2-methylbutyrate (2-MB), 5 mM isovalerate (IV), and/or 5 mM isobutyrate (IB). Error bars in panels A and B represent standard deviations. N.G., no growth. (C) Fatty acid content of bacterial pellets after growth in BHI medium or in IMM supplemented with 6% (wt/vol) soy protein hydrolysate (SP). Data are reported as percentages of total quantified fatty acids and clustered based on the even or odd numbers of carbons as well as on whether the fatty acid branch was anteiso or iso in orientation. (D) Amino acid content of bacterial lysate after growth in IMM supplemented with 6% (wt/vol) SP or 5 mM 2-MB. Data are reported as the percentage of total quantified amino acids in each individual sample.
LISTERIA CYTOSOLIC GROWTH REQUIRES BCFA BIOSYNTHESIS 2193 2A). If the A1A2 Ϫ mutant cannot grow in the cytosol of host cells because it does not scavenge BCFAs from the host and has a reduced ability to generate BCFAs, we hypothesized that we would be able to bypass the requirement for lipoate-dependent metabolism in the A1A2
Ϫ mutant by exogenous supplementation with BCFA precursors. We supplemented L2 cells with and without soy protein hydrolysate and 2-methylbutyrate and assessed the ability of the AlA2 Ϫ mutant to grow and spread (Fig. 7) . Addition of soy protein hydrolysate had an inhibitory effect on the growth of L2 cells (data not shown) and also had a slight inhibitory effect on the intracellular growth and spread of WT L. monocytogenes. We observed no enhancement of AlA2
Ϫ mutant plaque formation in the presence of soy protein hydrolysate compared to untreated L2 cell results. We also tested whether 5 mM 2-methylbutyrate, which had no apparent effect on L2 cells at a concentration of up to 500 mM, affected growth of the AlA2 Ϫ mutant. In contrast to the behavior of the AlA2 Ϫ mutant in IMM, where amino acid supplementation was more stimulatory than 2-methylbutyrate, addition of 5 mM 2-methylbutyrate alone significantly enhanced the growth and spread of the lipoylation-deficient mutant in L2 cells (Fig. 7) . We infer from these data that in the host cell cytosol, L. monocytogenes can scavenge sufficient amino acids for growth but requires lipoate-dependent metabolism for biosynthesis of anteiso-BCFAs, a major component of the listerial membrane.
DISCUSSION
In this study, we investigated the mechanism by which lipoate ligases in L. monocytogenes contribute to bacterial metabolism during intracellular growth and virulence. Disrupting both lipoate ligase genes resulted in a complete loss of detectable lipoylated proteins in bacterial cell extract. In the absence of lipoylation, the AlA2 Ϫ mutant was able to grow in rich medium but exhibited changes in acetoin and BCFA metabolism. Replication of the AlA2 Ϫ mutant in nutrient-limiting conditions and in the host cytosol was substantially impaired. Supplementation with nonessential amino acids and anteiso-BCFA precursors to the AlA2 Ϫ mutant restored growth in minimal medium and returned the profile of anteiso-BCFAs to a profile similar to that seen with the WT. Notably, in the nonphagocytic L2 cell line, the metabolic block in growth was partially complemented by the addition of anteiso-BCFA precursors but not by that of amino acids. These data imply that the cytosolic environment dictates bacterial biosynthesis of BCFAs and suggest that lipoate-dependent metabolism in L. monocytogenes enables this process to facilitate replication and virulence.
In L. monocytogenes, when genes encoding BCKD are disrupted, anteiso-BCFAs are synthesized at significantly reduced levels (12, 47) . The inability to produce anteiso-BCFAs through BCKD can be bypassed by supplementation with 2-methylbutyrate, a precursor for anteiso-BCFAs. BCKD mutants exhibit defects in the cold stress response, possibly because anteiso-BCFAs contribute substantially to the singlemembrane bilayer found in gram-positive bacteria (45) . Here, we found that in the absence of lipoylated metabolic enzymes, including BCKD, the A1A2 Ϫ mutant produces skewed ratios of anteiso-BCFAs. Amino acid supplementation of the AlA2 Ϫ mutant in defined medium could substantially restore the anteiso-BCFA profile, even in the absence of functional BCKD. Thus, L. monocytogenes BCFAs must also be gener- Ϫ mutant of L. monocytogenes were grown to the stationary phase and used to infect L2 cells for 1 h. Extracellular bacteria grown in BHI medium were washed and treated with 50 g of gentamicin/ml. A 3-ml overlay was placed on infected cells, and plaques were allowed to develop for 5 days before visualization by the addition of Neutral Red. Plaque diameters (n ϭ 20) were measured and are expressed as percentages of the mean diameters of WT plaques. The overlay was supplemented with 0.75% soy protein hydrolysate (SP) and/or 5 mM 2-methylbutyrate (2-MB) or was left unsupplemented (Ϫ). Error bars represent standard deviations.
ated by a BCKD-independent mechanism. Although L. monocytogenes can scavenge amino acids from the cytosolic environment, replication of the A1A2 Ϫ mutant was still significantly impaired (26) . Since only 2-methylbutyrate, an anteiso-BCFA precursor, could supplement growth of the A1A2 Ϫ mutant during intracellular growth, the scavenged cytosolic amino acids were presumably sufficient to replete bacterial amino acid pools but not in sufficient excess to drive BCFA biosynthesis. Together, these data suggest that the intracellular environment does not provide enough amino acids or enough BCFA precursors to bypass the requirement for lipoate-dependent fatty acid biosynthesis. The cytosols of different host cell types may offer distinct nutrient profiles, some of which could minimize the requirement for lipoate-dependent metabolism-mediated biosynthesis in L. monocytogenes infection. In support of the idea that the host may provide various nutrients to bypass metabolic pathway requirements in different cell types, L. monocytogenes requires a gene encoding glycerol kinase 1 in some cell types but not in others (18) . It will be of interest to determine whether L. monocytogenes and other bacteria that require lipoate-dependent metabolism for growth exhibit tropism toward tissues rich in nutrients, as such tissues could lessen the energetic burden of biosynthesis.
The different mechanisms by which L. monocytogenes generates anteiso-BCFAs from BCAAs have not been well characterized, although studies of other bacterial species suggest that the requisite methyl branch essential for BCFA biosynthesis is primarily derived from degradation of BCAAs into branched carboxylic acids (20) . Alternatively, BCFA can be directly generated from branched short-chain carboxylic acids such as 2-methylbutyrate or from ␤-oxidation of existing endogenous or exogenous BCFAs (20, 24) . These branched carboxylic acids can then be activated with respect to their CoA esters with BCKD or an acyl-CoA synthetase, or they can be activated by a decarboxylase. In bacteria such as E. coli and B. subtilis, the branched primers then condense with malonyl-acyl carrier protein derived from malonyl-CoA and eventually form elongated BCFAs (20) . In B. subtilis lysate, when the large BCKD complex is removed by ultracentrifugation, the remaining lysate can still generate BCFAs by the use of a branchedchain ␣-keto acid decarboxylase (KDCA) (21) . KDCA decarboxylates ␣-keto acid derivatives of BCAAs, and in B. subtilis, this primer source is thought to then condense with a malonylacyl carrier protein derivative to ultimately generate BCFAs (20) . By homology to a characterized KDCA of Lactococcus lactis, L. monocytogenes EGD-e encodes a candidate KDCA (lmo1984, ilvB) that shares with it 21% identity and 66% similarity. Future experiments will determine whether L. monocytogenes can generate BCFAs through KDCA as an alternative mechanism to BCKD and whether this pathway contributes to virulence.
The influence of nutrients on virulence is widespread among pathogens (4). In the Vibrio cholerae El Tor strain, the production of 2,3-butanediol enables survival under acidic growth conditions and enhances murine intestinal colonization (46) . In S. Typhimurium, formate induces invasiveness, and in Streptococcus pneumoniae, sucrose transport and metabolism contributes to colonization and disease (15, 17) . Finally, in Plasmodium falciparum, lipoate scavenging contributes to mitochondrial lipoylation and enables growth in erythrocytes (1, 13) . We have demonstrated that lipoate-dependent metabolism is needed for the production of anteiso-BCFAs, which play a key role in L. monocytogenes intracellular survival and replication. High percentages of anteiso-BCFA are thought to increase L. monocytogenes resistance to the lantibiotic nisin, a peptide antibiotic naturally produced by nonpathogenic bacteria (27) . Since BCFAs also contribute to the ability of L. monocytogenes to survive cold and alkaline stress, we speculate that they additionally allow the bacteria to survive the unfriendly environment of the host cytosol (25, 40) . Other studies have also emphasized a key role for fatty acids in virulence. In S. aureus, insertional inactivation of BCKD disrupts BCFA composition and the ability of the bacterium to resist oxidative stress and alkaline pH (39) . In M. tuberculosis, microarray studies have revealed an upregulation of genes encoding fatty acid catabolic pathways during growth in the macrophage vacuole (36) . Finally, deletion of acyl carrier protein in Toxoplasma gondii leads to loss of PDH lipoylation and abrogation of apicoplast fatty acid synthesis, resulting in attenuation of virulence (28) . Collectively, these findings suggest that lipoatedependent metabolism plays a critical role in the virulence of pathogens by enabling de novo biosynthesis of critical metabolic intermediates that may not be provided in the nutrientrestrictive environment of the host.
